human LTMCs and on apoptosis. Sin-1 at concentrations ı100 mg/mL inhibited LTMCs and induced apoptosis; at low class II antigens by anti-HLA-DR monoclonal antibody (MoAb; H81.9; IgG2a) results in inhibition of hematopoiesis concentrations (1 mg/mL), however, sin-1 stimulated the generation of colony-forming unit granulocyte-macrophage. in canine and human models. Inhibition of hematopoiesis is associated with apoptosis in a proportion of marrow cells.
N tion of cultures. 22 Inhibition of hematopoiesis was associated with the development of apoptosis in a small proportion of ITRIC OXIDE (NO) is an unstable free radical that plays an important role in immune modulation, neurotransmission, and regulation of vascular tone. [1] [2] [3] NO is generadherent and nonadherent marrow cells. 22 Since cross-linking of major histocompatibility complex (MHC) class II antiated from L-arginine by the enzyme nitric oxide synthase (NOS). In vivo NO decomposes into the stable inorganic gens with MoAbs in murine monocytes induces NO production 23 and because NO has been implicated as a mediator of nitrogen oxides, nitrate and nitrite. NOS exists in both a constitutive form present in endothelial cells, neurons, and apoptosis, we investigated in the present study whether NO was involved in MoAb H81.9 induced inhibition of hematoplatelets 4, 5 and in an inducible form (iNOS) expressed in macrophages, neutrophils, endothelial cells, and hepatopoiesis. cytes. [6] [7] [8] Expression of iNOS is stimulated by cytokines such
MATERIALS AND METHODS
as interleukin-1 (IL-1), tumor necrosis factor-a (TNF-a), interferon-g (IFN-g), and IL-2, resulting in the augmentation Cells of NO production both in vitro and in vivo. 6, [8] [9] [10] [11] However, J774 cells (mouse monocyte/macrophage cell line) were obtained the effect of NO is dependent on the respective tissue, cofrom ATCC (Rockville, MD) and cultured in RPMI 1640 media stimulatory signals and even the sequence of signals. [12] [13] [14] containing 10% fetal calf serum (FCS) and 10 mg/mL each of penicilinduced by various inflammatory stimuli and cytokines has lin G and streptomycin. J774 served as a standard control in experibeen reported to suppress cellular proliferation in murine ments of nitrite production.
BM mononuclear cells (BMMNCs).
Canine BM aspirates were bone marrow (BM) cells 15 and to affect growth and differenobtained from the humerus of anesthetized normal dogs as detiation of normal human BM cells. 11, 16 NO inhibits the scribed. 24 Human BM samples were obtained from normal volunteer growth of fresh acute myelocytic leukemia cells and may donors who had given informed consent according to the procedures induce differentiation into a monocytic phenotype. 17 NO has also been implicated as a mediator of apoptosis in murine macrophages. 18 Since physiologic NO is derived from oxi- ) were recharged onto the adherent layers. Cultures were mainApoptosis was determined by means of DNA histograms to identify hypodiploid nuclei (sub-G 1 peak) using flow cytometric analytained for ¢4 weeks after recharging.
Human two-stage LTMCs were performed as previously desis. 32,33 Briefly, 1.5 1 10 6 cells/sample were washed, pelleted, and resuspended with phosphate-buffered saline (PBS) containing 2% scribed.
30,31 Briefly, stromal layers were established in T25 tissue culture flasks (Corning, Corning, NY) by adding 10 mL of Dexter FCS and 2% human AB serum. Cells were fixed by adding dropwise 5 mL of cold 75% ethanol while gently vortexing. Cells were then medium containing 2 1 10 6 BMMNC/mL and cultured at 37ЊC in 5% CO 2 /air atmosphere. Flasks were demidepleted of cells at weekly incubated in the dark at 4ЊC for 30 minutes, pelleted, and resuspended in 1 ml of PBS containing 0.25% Triton-X 100 (Sigma). intervals, and at 2 to 3 weeks the adherent cells were irradiated with 1,600 cGy and used as stromal layers. These layers were then After further incubation in the dark at room temperature for 5 minutes, cells were pelleted, washed, and resuspended in 400 mL propid-''recharged'' with fresh BMMNCs. Starting 1 week after recharging, nonadherent cells were procured every week, pelleted, and counted, ium iodide (PI) solution (2 mg/mL) containing RNase (10 mg/mL) and 0.1% sodium citrate. Samples were kept in the dark for 30 and aliquots were assayed for CFU-GM (see below). The remaining cells were returned to the long-term culture flasks with spent and minutes at room temperature. Fluorescence analysis of individual nuclei was performed using a FACScan flow cytometer equipped fresh medium mixed 1:1. Sin-1 (100 mg/mL) with or without H81.9 (10 mg/mL) was added every week beginning at the time of rechargwith argon laser excitation at 488 nm and 250 mW light output (Becton Dickinson, San Jose, CA). A minimum of 10,000 events per ing; in cultures using low concentrations of sin-1 (1 mg/mL) sin-1 was added either weekly or daily to the culture flask. Preliminary sample were counted, stored, and analyzed by Multicycle software developed by Dr P. Rabinovitch (University of Washington, Seattle, experiments using concentrations of sin-1 of 1 to 100 mg/mL had shown that the maximum achievable concentration of NO, measured WA). The PI fluorescence of individual nuclei was registered using the FL2 detector, and the percentage of cells containing hypodiploid in the form of nitrite, was reached reproducibly within one hour of sin-1 addition to cultures. Thus, ''effective'' concentrations of NO DNA (sub-G 1 peak) was used as a measure for cells undergoing AID Blood 0036 / 5h38$$$701 08-14-97 10:31:22 blda WBS: Blood that NO does affect hematopoiesis. 11, 15, 16 ,34 Therefore, we tested the effect of an exogenous NO donator, sin-1, in our Statistics model systems, ie, in human and canine LTMCs. As shown
Results of NO production and colony formation in control and in Fig 2A, at sin-1 concentrations of 100 mg/mL the generamanipulated cultures were compared using the one-sample t-test.
tion of CFU-GM was reduced to 27% to 56% in canine LTMCs (P õ .05 at 1, 2, 3, and 4 weeks). At 1 mg/mL of RESULTS
sin-1, however, the generation of CFU-GM was increased Generation of NO by Murine J774 Cells, and Canine and
by 50% to 150% (P õ .05 at 2, 3, and 4 weeks), while at Human Monocytes Activated by MoAb H81. 9 an intermediate concentration of 10 mg/mL numbers of CFU-GM did not differ significantly from controls. Similar results Unstimulated J774 cells produced barely detectable were observed in human LTMCs (Fig 2B) : High concentraamounts of NO. However, exposure to either MoAb H81. 9 tions of sin-1 (100 mg/mL) inhibited colony formation by or LPS triggered J774 cells to generate NO in a dose-and 22% to 55% (P õ .05 at 1, 3, and 4 weeks) while low time-dependent manner (Fig 1) . The NOS inhibitor, NMMA, concentrations (1 mg/mL) stimulated colony formation by blocked NO generation induced by MoAb H81.9, suggesting 10% to 175% (P õ .01 at 2, 3, and 4 weeks) (Fig 2B) . These that NO production by J774 cells treated with MoAb H81.9 observations indicated, therefore, that exogenous NO had a was because of induction of NOS (Fig 1) .
biphasic effect on in vitro hematopoiesis. In contrast to J774 cells, unfractionated canine or human BMMNCs treated with MoAb H81.9 did not produce sig-
Sin-1-Induced Inhibition of Hematopoiesis Is Associated nificant amounts of nitrite compared with untreated controls
with Apoptosis (data not shown). Because monocytes/macrophages are a
In several model systems inhibition of hematopoiesis inmajor source of NO in the murine system, 23 we next examvolves programmed cell death. 22, 35, 36 Since NO mediates ined nitrite generation by monocytes which had been isolated some pathways of apoptosis, 19 we next examined sin-1-from canine or human BMMNCs, enriched to 58% to 74% treated cultures for evidence of apoptosis. As shown for by plastic adherence and activated by MoAb H81.9 or LPS.
human cells in Fig 3A, DNA histograms from control No significant nitrite generation in either canine or human BMMNCs (n Å 4) cultured for 5 days showed 1.9 { 0.6% monocytes was observed. Measurements over 72 hours cells in the sub-G 1 peak representing apoptotic nuclei. In showed 2.5 to 3.0 nmol of nitrite/5 1 10 5 in both control and contrast, 9.6 { 2.5% of cells were apoptotic in 5-day cultures H81.9 stimulated canine and human cultures. Modification of at 16 to 24 hours after adding sin-1 at 100 mg/mL (n Å 4) culture conditions such as supplementation with L-arginine (Fig 3C) . The apoptotic peak with sin-1 at 1 mg/mL (Fig  (as additional substrate) sized that if the pathways by which H81.9 and sin-1 inhibited Thus, a biphasic response to sin-1 occurred even in the presence of MoAb H81.9, providing further evidence that the hematopoiesis and induced apoptosis differed, a combination of both agents was likely to lead to a more profound suppres-H81.9/HLA-DR mediated effect was at least in part mediated by a mechanism independent of NO. sion of CFU-GM and to an increase in apoptotic cell death. In both canine (Table 1A ) and human LTMC (Table 1B) The proportion of apoptotic cells among human BMMNCs treated with MoAb H81.9 alone (Fig 3D) was of the same treatment with a combination of sin-1 (100 mg/mL) and MoAb H81.9 (10 mg/mL) intensified the suppression of order of magnitude as observed with sin-1 at 100 mg/mL (Fig 3C) . However, combined treatment with sin-1 at 100 CFU-GM beyond the extent observed with either agent alone. It was of note that sin-1 at low concentrations (1 mg/ mg/mL and MoAb H81.9 (Fig 3F) or sin-1 at 1 mg/mL and MoAb H81.9 ( Fig 3E) resulted in an increase in apoptosis mL) when combined with MoAb H81.9 slightly increased colony numbers above those observed with H81.9 alone.
above the levels observed in cultures treated with either sin-AID Fig 5B) and human (not shown) LTMCs, sin-1-induced inhibition of colony formation was prevented by concurrent treatment of cultures with NAC at 0.5 mmol/L; the c-kit ligand SCF, previously shown to protect LTMCs against the inhibitory effect of MoAb H81.9, 21,22 showed only a transient protective effect against sin-1 (Fig 5B) .
DISCUSSION
NO is an important physiological regulator 5 in many systems, including hematopoiesis. 11, 34 NO may either have a protective or an agonistic effect, dependent on the model system studied. 12, 13 Multiple interactions between cytokines such as IFN-g, TNF-a, or IL-1 and NO have been described [8] [9] [10] and a direct involvement in apoptosis has been postulated. 12, 13, 18, 19, 39 However, major species differences have been reported particularly in regard to iNOS dependent NO generation in mononuclear cells: While murine 6,9,14,23 and bovine 40 macrophages contain easily inducible NOS, canine 41 and caprine 40 macrophages show little or no induction of NOS, and results with human cells are somewhat controversial. 10, 11, 42, 43 We have been studying the effect of MHC class II crosslinking on in vivo and in vitro hematopoiesis in canine [20] [21] [22] and human 25, 36 ,41,44 models. The observation that inhibition of hematopoiesis in these models was associated with apoptosis, and the finding that cross-linking of MHC class II on murine macrophages induced the production of NO, a radical known to be involved in apoptosis, 23 led us to investi- NO production did contribute to H81.9-induced apoptosis. 
NAC Protects Against Sin-1-Induced Apoptosis and Inhibition of Hematopoiesis (B) Human
If oxidative stress and NO are involved in apoptosis, a H81.9 triggered dose-and time-dependent NO production ulations of marrow cells that function as negative regulators of hematopoiesis (directly or via secreted mediators), and in the murine macrophage cell line J774. Addition of the NOS inhibitor NMMA blocked NO production, an indication elimination of these regulators (eg, monocytes; TNF-a) would, therefore, enhance hematopoiesis. Such a concept is that MHC class II-initiated signals involved NOS. However, MoAb H81.9 at concentrations even higher than those effecconsistent with the observation that even at concentrations of sin-1 that enhanced hematopoiesis there was a slight intive with murine cells failed to induce measurable amounts of NO in human and canine marrow cells or enriched marrow crease in the proportion of apoptotic cells in the marrow (Fig 3B) . Why the stimulating effect of low concentration monocytes. While these findings were not supportive of a role for NO in MHC class II-mediated downregulation of sin-1 was somewhat more sustained in canine than in human cultures is not clear. At high concentrations a broader spechematopoiesis, ancillary experiments had suggested that the antioxidant NAC when added to canine or human LTMCs trum of cells, including hematopoietic precursors would be affected, resulting in an increase in apoptosis and a decline treated with MoAb H81.9 reduced the extent of inhibition of hematopoiesis. It is possible that NAC neutralized radicals in hematopoiesis. The effect of combinations of MoAb H81.9 and sin-1 other than NO, 19 or directly affected transcription factors, eg, NF K B 45 ; however, NOS is expressed in human marrow was also dependent on the concentration of sin-1. At low concentration sin-1 preserved some colony formation in the cells, particularly after stimulation with cytokines such as IFN-g or TNF-a. 11 We have shown that treatment of human presence of H81.9, whereas at high concentration sin-1 and H81.9 effects were additive. These data fit the proposed and canine marrow with MoAb H81.9 upregulates TNFa, 36,44 a result which suggests such a pathway to be operative scheme: if at low concentration sin-1 eliminates cells with a negative regulatory function, they would not be able to in the present model.
To further explore the possibility of an effect of NO on contribute to the inhibitory effect of MoAb H81.9. This would be particularly effective if such cells were MHC class hematopoiesis and apoptosis in canine and human marrow cells we used sin-1, a synthetic NO donator as a probe. II / , eg, macrophages, and, therefore, would be triggered to generate negative regulators such as TNF-a on exposure to Experiments with sin-1 showed, indeed, a striking effect on apoptosis and interactions with H81.9 mediated signals. Of anti-MHC class II MoAb. 44, 46 At high concentrations sin-1 and H81.9 effects were additive, for both inhibition of note, the response to sin-1 was biphasic, with an increase in hematopoietic colony formation at low and inhibition at high hematopoiesis and for apoptosis. H81.9-induced apoptosis in human cells was blocked by the NOS inhibitor NMMA, concentrations. An explanation is not immediately apparent. However, as discussed above the impact of NO may vary suggesting that H81.9 did indeed trigger NO generation. Similar to previous observations showing that the c-kit between different cell populations; both protective and negative effects have been reported. 12, 13 Conceivably, at low conligand SCF prevented H81.9-induced apoptosis and inhibition of hematopoiesis, 21,22,25 the addition of exogenous SCF centrations a negative effect of NO was restricted to subpop-AID Blood 0036 / 5h38$$$701 08-14-97 10:31:22 blda WBS: Blood to cultures had a protective effect on hematopoiesis. HowIn summary, these studies are consistent with a role of NO in the regulation of canine and human hematopoiesis, ever, this effect was present only during the early phase of cultures; subsequently the numbers of CFU-GM measured including models of HLA-DR -mediated inhibition of hematopoiesis. A physiologic source for NO is not readily in LTMCs treated with sin-1 and SCF did not differ from those obtained from cultures treated with sin-1 only. This apparent at this time; our results indicate complex interactions. While HLA-DR -initiated signals involved nitric oxmight be related to the derivation of earlier developing colonies from c-kit / cells (which could be rescued by SCF ) ide synthase, HLA-DR -mediated signals did not appear to be restricted to this pathway. Marrow responses to exogeand later maturing colonies from c-kit 0 cells, which were not affected by SCF. 31 Alternatively, more primitive precurnous NO were biphasic and suggest differential sensitivity of different target populations. Subpopulations of interest, sors required for colony formation later in culture might be more susceptible to sin-1. In contrast to SCF, the protective in addition to macrophages and hematopoietic precursors, are endothelial cells, which are a constitutive source of NO effect of NAC persisted through the entire culture period, apparently protecting cells at various stages of differentiaand are thought to play an important role in the regulation of hematopoiesis. tion.
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